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We present the first measurement to isolate the variation of nuclear effects in the x-ray transitio
few-electron heavy ions. Using a novel technique to produce and trap radioactive ions we mea
the energy difference between2s1y2-2p3y2 transitions in Li-, Be-, B-, and C-like233U and 238U. We
show that because of the simplified atomic structure of few-electron ions the data are readily interp
in terms of the variation in the mean nuclear radius. A valuedkr2l233,238 ­ 20.457 6 0.043 fm2 is
found, which lies between earlier measurements based on different techniques.

PACS numbers: 21.10.Ft, 27.90.+b, 29.25.Ni, 32.30.Rj
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The trapping of radioactive nuclides creates new o
portunities for novel nuclear physics experiments. Th
recent success of trapping radioactive neutral atoms [1
for example, has opened the possibility to sensitive be
decay asymmetry studies. Low-charged ions, held in
Penning trap [3] or Paul trap [4], have provided valu
able data on the masses of unstable isotopes. In
Letter, we report the first nuclear physics measureme
using trapped few-electron, very-high-Z radioactive ions.
Using precision x-ray spectroscopy and exploiting th
simplified electronic structure of few-electron ions w
isolate the nuclear effects among different isotopes a
infer the isotopic variation of the nuclear charge distribu
tion, a fundamental parameter crucial for understandi
the collective structure of the nucleus (see, for examp
Refs. [5–8]). Its variation, parametrized in terms of th
change in mean-square nuclear charge radiussdkr2ld, has
been inferred in the high-Z region from muonic-atom x
rays [9] and neutral-atom optical isotope shift studies [10
Our present measurement focuses on the isotopes233U
and 238U for which earlier measurements ofdkr2l have
produced discrepant results, i.e.,20.520 6 0.081 fm2

[11] and20.383 6 0.044 fm2 [12,13].
Our technique for determiningdkr2l is based on precise

Doppler-shift-free measurements of then ­ 2 to n ­ 2
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x-ray transitions in nearly bare ions of the isotopes
question. Implementation of this technique was prev
ously impossible because of the lack of a facility at whic
the x-ray transitions from such highly stripped radioa
tive ions could be generated and measured convenie
and reliably. This situation has changed recently with t
successful implementation of a high-energy electron be
ion trap [14] that allows the production of very highly
charged ions and of efficient crystal spectrometers [1
that can resolve individual transitions with very high res
lution. Moreover, ion traps generally require only minu
quantities of material for filling. Thus they are well suite
for investigating the properties of isotopes that are rare
radioactive. The transitions studied in the present me
surement are the electric dipole,2s1y2-2p3y2 transitions
in the three-electron Li-like ion, the four-electron Be
like ion, the five-electron B-like ion, and the six-electro
C-like ion. Table I lists the specific transitions studie
and their energies in238U measured in Ref. [15]. Be-
cause the measurements are for transitions in an in
shell, the electron wave-function overlap, especially th
of the 2s electron, with the nucleus is large. It is thu
an excellent probe of the nuclear charge distribution
sulting in a relatively large energy shiftsDEd as differ-
ent isotopes are measured. Compared to muonic ato
15].
TABLE I. Summary of the measured energy shifts. The238U energy values and the nomenclature for the key are from Ref. [
All transitions decay to the ground state of the respective ion.

Key Ion Upper level 238U energy DE (meV)
(eV) 233U-238U

Li U 89+ s2p3y2dj­3y2 4459.37 6 0.35 256 6 118
Be U88+ s2s1y22p1y2dj­1 4501.72 6 0.27 300 6 61
B-1,2 U87+ s2s1y22p1y22p3y2dj­1y2,3y2 blend 4521.39 6 0.22 320 6 52

C U86+ s2s1y22p2
1y22p3y2dj­1 4548.32 6 0.20 362 6 62

O-1 U84+ s2s1y22p2
1y22p3

3y2dj­2 4525.26 6 0.25
© 1996 The American Physical Society 1031
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however, the overlap is modest and large nuclear po
ization corrections are avoided. Moreover, the atom
physics of few-electron ions is tractable and deduc
dkr2l from DE is relatively simple. Most importantly,
it is not complicated by large specific mass shift corre
tions necessary in neutral atoms [16]. In other words,
our measurement the Coulomb shiftsdECould, which is
directly related todkr2l, is by far the dominant contribu
tion to DE, and other atomic or nuclear contributions a
minimal. A further benefit of our technique is that th
energy of theDn ­ 0 transitions studied falls within a
range where high-precision crystal spectroscopy is ea
employed.

The measurements were done at the high-energy e
tron beam ion trap (SuperEBIT) at Lawrence Livermo
National Laboratory [14]. An electron beam ionizes, e
cites, and radially traps the ions. The ions are trapp
axially by potential differences between three colline
cylindrical electrodes through which the beam pass
Low-charged ions, injected into the trap, are ionized
high charge states by successive collisions with be
electrons.

The 233U ions were introduced into the trap using
novel method [17] relying on a thin wire platinum prob
with a plated tip placed near the electron beam. The to
mass of plated233U, isotopically enriched to 99.92%, wa
only 100 ng and less than 10 ng were consumed dur
the course of the experiment. The238U ions were pro-
vided by a standard metal vapor vacuum arc source [
using a238U cathode depleted in235U weighing 14 g.

The ions are studied by their characteristic x rays o
served through ports in the cryogenic vessels surround
the trap. The2s1y2-2p3y2 electric dipole transitions, situ
ated near 4.5 keV, were analyzed in a high-resolution v
Hámos–type curved-crystal spectrometer [19]. The sp
trometer uses a120 3 50 3 0.25 mm3 LiF(200) crystal
s2d ­ 4.027 Åd bent to a 75 cm radius of curvature.
rays are recorded with a gas-filled position sensitive p
portional counter with a10 3 3 3 1 cm3 active volume.
The energy resolution of the setup was 1.1 eV FWH
i.e., more than 2.5 times better than the measuremen
Ref. [15].

The x-ray spectrum of233U was compared with that from
238U. Figure 1 shows the two measured spectra. E
spectrum was accumulated over approximately 150 h
a beam energy of 135 keV and current of 180–220 m
The charge state distribution was somewhat more pea
about the Be- and B-like ionization stages in the233U data
than for the238U data. Thus the238U spectrum shows a
weak O-like line which is absent in the233U data.

MeasuringDE233,238 requires knowledge of the disper
sion of the spectrometer but an absolute calibration is
necessary. To determine the dispersion, we employed
238U-transition energy measurements of Ref. [15] (s
Table I). The dispersion uncertainty from this proc
dure is 0.4% which results in a 1 meV uncertainty
1032
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FIG. 1. Crystal spectrometer spectra of the2s1y2-2p3y2 transi-
tions in U85+ through U89+ for the two isotopes233U and 238U.
The key indicating the transition labels is given in Table I. Th
233U spectrum is offset by 500 countsychannel. The dashed
lines indicate the position of the238U lines as determined in
Ref. [15].

DE233,238. Because we are measuring energy differenc
between nearby lines, many systematic errors, such
detector nonlinearities, cancel permitting very preci
measurements.

Data collection alternated between233U and 238U spec-
tra. By interleaving the spectra, we could monitor an
correct for any possible electronic gain shifts. No co
rection was required and the uncertainty associated w
electronic gain drifts is approximately 5 meV.

Table I summarizesDE for each transition measured
The contributions from systematic errors to the overa
uncertainty of eachDE value are small and are sum
marized in Table II. A line fit to theseDE data results
in a slopesm ­ 32 6 36 meVycharged which is consis-
tent with zero; that is,DE is nearly independent of the
charge state. This finding is confirmed in a theoretic
study of the effect of electron correlations on the tra
sition energies. We calculatedDE233,238 for the four

TABLE II. A summary of the contributions to the systemati
uncertainties associated withdECoul. All are small compared
to the statistical uncertainties (see Table I).

Contribution Uncertainty

Isotopic enrichment ,1 meV
Dispersion 1 meV
Gain drifts 5 meV
Mass polarization ,1 meV
Self-energy, vacuum polarization 1 meV
Nuclear polarization 6 meV

Quadrature sum 8 meV
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ionization stages using a multiconfiguration Dirac-Foc
(MCDF) [20] code and found differences no larger tha
11 meV, affirming the small size of electron correlation
We performed a second calculation ofDE233,238 for the
Li-like and Be-like transitions using a relativistic config
uration interaction (RCI) code with B-spline basis set
The RCI calculations were done by increasing the b
sis set until convergence was achieved [21]. The resu
agreed within 0.1 meV with those from the MCDF calcu
lations, affirming the predictive power of our calculation
for DE and providing an uncertainty of less than 1 me
in the calculated size of the isotopic variation in the ele
tron correlations.

In order to inferdECoul and thusdkr2l from DE, we
need to estimate the isotopic variation of the speci
mass shift, of the QED terms, and of the nuclear pola
ization [16]. The advantage of our technique is that a
these terms are small with correspondingly small unce
tainties. The specific mass shift, also called the mass
larization contribution, has been calculated for the Li-lik
U89+ ion [22,23] and is similar for all ionization states
under consideration here. It is found to be of the ord
of 50 meV with a theoretical uncertainty of 100% du
to presently ignored terms of ordersZad2. We estimate
the isotopic variation of this value to be on the order o
1% (the mass difference between233U and 238U) or less
than 1 meV.

The estimate of the QED self-energy and vacuu
polarization contributions to these energy transitions
about 45 eV [23]. The finite nuclear size corrections
these contributions are each about 800 meV, but are
opposite sign so that the sum vanishes. The isoto
variation of each contribution is approximately 8 meV
and also tends to cancel in the sum and thus can
ignored in the present analysis.

Nuclear polarization, or nuclear polarizability, calcula
tions have been done for the1s, 2s, and 2p levels in
H-like U91+ ions for the even-A isotopes [24]. These cal-
culations show a modest isotopic dependence which m
be taken into consideration in our data. Though it wou
be preferable if calculations existed also for the oddA
isotopes, we are forced to extrapolate the values of
even-A results to that for233U. (Note that Refs. [11,12]
indicate that any even-odd staggering in this isotopic r
gion is small compared to present experimental pre
sion.) Since the entire correction for the singly excite
2s1y2-2p3y2 transitions measured in this work comes from
the2s shell, the values calculated for the H-like U91+ 2s1y2

level accurately approximates that of all the charge sta
considered here. The nuclear polarization contributi
difference between233U and 238U is 24 meV. The authors
of Ref. [24] estimate the uncertainty in their calculation
of the absolute size of the nuclear polarization cont
bution to be625%. Thus we take the difference value
also to be uncertain by 25%, or66 meV. Eliminating
the nuclear polarization contribution toDE yields a final
k
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value for dECoul for each charge state as summarized
Table III.

The MCDF [20] calculations use a nuclear charg
density functionrsrd described by the two-paramete
Fermi distribution

rsrd ­ r0ys1 1 efr2mgytd ,

where r is the radius,m is the half-density radius, and
t is the skin thickness. The resultant energy level det
minations, however, are not sensitive to the actual cha
distribution provided that the associated root mean squ
radius srrmsd is reproduced. We calculateddECoul for
each charge state for 22 values ofm between 7.038 11
and 7.143 95 fm, holdingt constant, and computed the
correspondingrrms. The results of these calculations pro
vide dkr2lA,238 as a function ofdECoul for each ionization
stage. The origin is defined as the values for238U sm ­
7.137 53 fm andt ­ 0.523 39 fmd which correspond to a
two-parameter Fermi distribution withrrms ­ 5.8610 fm.
This rrms is equal to the value one derives from a fou
parameter deformed Fermi distribution using the param
ters given in Ref. [11].

To deducedkr2lA,238 from dECoul using the curves
described above, we did a quadratic interpolation b
tween the calculated points for each charge state. Th
results, listed in Table III, were then averaged and w
find dkr2l233,238 ­ 20.457 fm2 with a statistical uncer-
tainty of 0.042 fm2. This procedure of deducingdkr2l
for each charge state separately and then averaging
sures proper treatment of the electron correlation con
bution. The systematic uncertainty indECoul (8 meV)
translates into a systematic uncertainty indkr2l233,238 of
0.010 fm2. Adding the uncertainties in quadrature, th
final result isdkr2l233,238 ­ 20.457 6 0.043 fm2. This
result can be compared with that of previous studie
20.383 6 0.044 [12,13] and20.520 6 0.081 fm2 [11].
The present measurement thus favors neither of the ear
measurements. The weighted mean of all measureme
is 20.434 6 0.028 fm2. All three experiments are con-
sistent with this mean value to within 1 to 2 standard d
viations.

TABLE III. A summary of dECoul and the deduced
dkr2l233,238 values for each charge state. The uncertainti
listed are entirely statistical.

Key dECoul (meV) dkr2l233,238 (fm 2)

Li 280 6 118 20.364 6 0.153
Be 324 6 61 20.436 6 0.081
B-1,2 344 6 52 20.455 6 0.068
C 386 6 62 20.515 6 0.083

Average 20.457 6 0.043
Previous Ka [12,13] 20.383 6 0.044

Muonic atoms [11] 20.520 6 0.081
1033
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In summary, we have performed the first nucle
measurements on radioactive few-electron highly char
uranium ions trapped in an EBIT. Our measureme
demonstrates that trapped-based nuclear physics ca
extended from neutral or one- or few-times ionized ato
in Zeeman, Paul, or Penning traps to very highly charg
ions in electron beam ion traps. Because only min
quantities of isotopically pure material were neede
our technique should readily be applicable to a wi
variety of rare or radioactive isotopes. The prese
measurements represent the first time precise isotope
measurements have been made in electronic transit
that are strongly affected by quantum electrodynam
In fact, the uncertainties in the nuclear properties
the dominant constraints on the accuracy with which
quantum electrodynamical contributions to the transiti
energies can be determined. The spread of 0.137 fm2 in
dkr2l in the previous measurements of the nuclear ra
[11–13] corresponds to an uncertainty in the transiti
energies of 0.10 eV. This uncertainty previously h
been ignored in QED studies. That is, the theoreti
calculations have used the muonic x-ray results for
charge radius without commenting on the discrepan
with the Ka results fordkr2l. The present measureme
reduces this uncertainty to 0.03 eV. The current resu
are statistically limited. A precision limited by th
uncertainties in the nuclear polarization calculations c
in principle be achieved. By choosing isotopic syste
wheredkr2l is very well known, experimental tests of th
nuclear polarization calculations might soon be possibl

We are grateful for the technical expertise and ass
tance of E. W. Magee and R. Lougheed. Discussio
with Mort Weiss are greatly appreciated. This work w
performed under the auspices of the U.S. Departmen
Energy at Lawrence National Laboratory under Contr
No. W-7405-Eng-48.
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